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The secreted neurotrophin Spätzle 3
promotes glial morphogenesis and supports
neuronal survival and function
Jaeda C. Coutinho-Budd,1 Amy E. Sheehan,2 and Marc R. Freeman2
1Department of Neurobiology, University of Massachusetts Medical School, Worcester, Massachusetts 01605, USA; 2Vollum
Institute, Oregon Health and Sciences University, Portland, Oregon 97239, USA
Most glial functions depend on establishing intimatemorphological relationshipswith neurons. Significant progress
has been made in understanding neuron–glia signaling at synaptic and axonal contacts, but how glia support neu-
ronal cell bodies is unclear. Here we explored the growth and functions of Drosophila cortex glia (which associate
almost exclusively with neuronal cell bodies) to understand glia–soma interactions. We show that cortex glia tile
with one another andwith astrocytes to establish unique central nervous system (CNS) spatial domains that actively
restrict glial growth, and selective ablation of cortex glia causes animal lethality. In an RNAi-based screen, we
identified αSNAP (soluble NSF [N-ethylmalemeide-sensitive factor] attachment protein α) and several components
of vesicle fusion and recyclingmachinery as essential for themaintenance of cortex glial morphology and continued
contact with neurons. Interestingly, loss of the secreted neurotrophin Spätzle 3 (Spz3) phenocopied αSNAP phe-
notypes, which included loss of glial ensheathment of neuron cell bodies, increased neuronal cell death, and defects
in animal behavior. Rescue experiments suggest that Spz3 can exert these effects only over very short distances. This
work identifies essential roles for glial ensheathment of neuronal cell bodies in CNS homeostasis as well as Spz3 as a
novel signaling factor required for maintenance of cortex glial morphology and neuron–glia contact.
[Keywords: glia; neurotrophin; Drosophila; cortex glia; spz3; αSNAP]
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The major glial subtypes in the mammalian central ner-
vous system (CNS)—astrocytes, microglia, oligodendro-
cytes, and oligodendrocyte precursor cells (OPCs)—are
quite distinct morphologically and were initially parsed
into these glial subclasses based on their different cellular
architectures. Their unique architectures likely evolved
to optimize neuron–glia signaling in the context of their
specific physiological functions.Major areas of focus in re-
cent studies of glial biology include roles for astrocytes in
synapse formation and pruning (Christopherson et al.
2005; Chung et al. 2013; Tasdemir-Yilmaz and Freeman
2014) and circuit function (Paukert et al. 2014; Ma et al.
2016), the role of microglia as the brain’s immune cells
that survey the parenchyma and remove neuronal debris
(Nimmerjahn et al. 2005), and oligodendrocyte ensheath-
ment and support of axons (Sherman and Brophy 2005).
However, all major CNS glial subtypes also include cells
that interact closely with neuronal cell bodies. Protoplas-
mic astrocytes form extensive contacts on neuronal cell
bodies (Allen and Barres 2009), satellite microglia form
contacts between their cell bodies and those of neurons
(Baalman et al. 2015), and even specialized groups of peri-
neuronal oligodendrocytes have been shown to reside on
neuronal cell bodies (Takasaki et al. 2010; Battefeld
et al. 2016). Glial association with neuronal cell bodies
is particularly extensive in mammalian peripheral gan-
glia, where satellite glial cells surround and isolate indi-
vidual neuronal cell bodies (Christie et al. 2015). While
soma-associated satellite glia have emerged as important
modulators of pain after peripheral nerve injury (Huang
et al. 2013), we understand very little about signaling
events between any type of glial process and the cell bod-
ies of neurons.
The insectCNS is compartmentalized into two primary
regions: the cell cortex (consisting of neuronal cell bodies
and their proximal axons) and the synaptic neuropil (con-
taining all CNS neurites and synapses) (Supplemental
Fig. S1). Specialized glial subtypes are also compartmen-
talized into these brain regions. For example, astrocyte
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processes in theDrosophila CNS are confined to the neu-
ropil, which is devoid of neuronal cell bodies, and these as-
trocytes associate primarily with synapses, axons, and
dendrites (Stork et al. 2014). Drosophila astrocytes are
well conserved with mammalian protoplasmic astrocytes
in terms of their ramified morphology, tiling behavior, ex-
pression profiles, and functions in synapse formation
(Muthukumar et al. 2014; Stork et al. 2014), synaptic prun-
ing (Tasdemir-Yilmaz and Freeman 2014), and regulation
of synaptic function (Ma et al. 2016). Cortex glia, in con-
trast, are restricted to the cell cortex region, which is
devoid of synapses (Pereanu et al. 2005; Awasaki et al.
2008). Cortex glia extend fine processes that infiltrate the
entire cell cortex regionwith a lattice-like structure: Their
processes span from the surface of the cortex to the edge of
the synaptic neuropil, encapsulating virtually every neu-
ronal cell body in the CNS (Awasaki et al. 2008). Based
on analysis in the adult lamina and central brain, it is esti-
mated that a single cortex glial cell may encase up to 100
neurons in the adult (Kremer et al. 2017). Given these tight
cellular associations, cortex glia are thought to provide
metabolic support and key nutrients to neurons (Volkenh-
off et al. 2015) and have been shown to exhibit local Ca2+
transients close to neuronal cell bodies that may be essen-
tial for neuronal function (Melom and Littleton 2013).
Incisive studies of glial interactions with neuronal cell
bodies have been hindered by a lack of tools with which
to directly assay glial function at neuronal cell bodies in
the intact nervous system. Here we developed new tools
that allow for precise labeling and genetic manipulation
of cortex glia throughout Drosophila development, from
the level of single cells to the entire population. Using
these tools, we show that cortex glia rapidly infiltrate
the cortex region of the ventral nerve cord (VNC) at late
embryogenesis and tile with themselves and astrocytes
to establish unique spatial domains around neuronal cell
bodies. Surprisingly, we found that cortex glia and astro-
cytes reciprocally inhibit each other’s growth to actively
demarcate the CNS cortex–neuropil boundary. We per-
formed a large-scale RNAi-based screen for genes required
in cortex glial morphogenesis and identified multiple
components of vesicle fusion and recycling machinery
as well as the secreted neurotrophin Spätzle 3 (Spz3) as
required for maintenance of cortex glia–neuron interac-
tions. Loss of association between cortex glia and neuro-
nal cell bodies resulted in neuronal cell death and
behavioral impairment, arguing that active maintenance
of cortex glial morphology and signaling to neuronal cell
bodies is essential for proper nervous system function.
Results
Cortex glia rapidly extend processes between neuronal
cell bodies to establish nonoverlapping spatial domains
Mature cortex glia ensheath nearly every neuronal cell
body individually in the larval and adult Drosophila
CNS. Their processes are thought to span the entire cortex
region, extending from the subperineurial glia (SPGs)—
which, together with perineurial glia, make up the
blood–brain barrier surrounding the CNS—to the en-
sheathing glia and astrocytes at the synaptic neuropil
(Supplemental Fig. S1). We sought to define the develop-
mental events that lead to the establishment of thesemor-
phological relationships and generate tools with which to
explore the cellular and molecular basis of cortex glial in-
teractions with other CNS cell types.
A number ofGal4 drivers have been reported to express
in cortex glia in Drosophila larval and adult brains; how-
ever, we found that all of these drivers are expressed at sig-
nificant levels in additional cell types (e.g., neuropil glia,
surface glia, or neurons) (Supplemental Fig. S2). To identi-
fy a Gal4 driver line that was selective for expression in
cortex glia, we screened CNS expression pattern images
from a collection of ∼7000 enhancer–Gal4 driver lines
(Pfeiffer et al. 2008; Jenett et al. 2012). We selected several
candidates with potential expression in cortex glia and as-
sessed top candidates in more detail. One of these lines,
GMR54H02-Gal4, which uses the 932-base-pair (bp) se-
quence of the first intron ofwrapper to drive Gal4 expres-
sion, was largely specific to cortex glia, althoughwe noted
expression in surface glia and additional non-nervous sys-
tem tissue such asMalpighian tubules (Supplemental Fig.
S3). We further generated cortex glial driver lines for other
binary expression systems (wrapper932i-LexA and wrap-
per932i-QF2) as well aswrapper932i-gal80 for the purpos-
es of repressing Gal4 expression selectively in cortex glia.
When we crossed wrapper932i-Gal80 into all previously
characterized cortex glial Gal4 driver backgrounds, we
confirmed that all lines had significant expression in
many additional glial or neuronal subtypes (Supplemental
Fig. S2). To generate a precise cortex glia-specific driver
line, we used split Gal4 intersectional expression technol-
ogy (Luan et al. 2006). Briefly, we used the GMR54H02-
Gal4 enhancer to drive expression of the DNA-binding
domain (DBD) of Gal4 in conjunction with a 3.5-kb
Nrv2 promoter that is specific to nonsurface glial subtypes
to drive expression of the VP16 transcription activation
domain (wrapper932i-Gal4DBD,Nrv2-VP16AD, referred
to here as CtxGlia-SplitGal4). The expression domains
of these promoters overlap only in cortex glia and there-
fore lead to the precise activation of UAS-driven trans-
genes in cortex glia (Fig. 1; Supplemental Figs. S2M–O,
S3). The CtxGlia-SplitGal4 line therefore allows for pre-
cise labeling,manipulation, and exploration of the biology
of cortex glial populations in Drosophila.
Cortex glia are generated from neural precursors atmid-
embryogenesis (Ito et al. 1995; Freeman andDoe 2001). To
determine the spatiotemporal dynamics of their morpho-
genesis, we visualized cortex glia by driving membrane-
tagged GFP with CtxGlia-SplitGal4 and examined their
development at selected time points in embryonic, larval,
and adult stages. Throughout the study, we used the VNC
as amodel due to its stereotyped segmentation. Cortex gli-
al cells were born around embryonic stage 12 (Fig. 1A).
They sent out processes to envelop neuronal cell bodies
in groups or individually by stage 15–16 (Fig. 1B) and infil-
trated the entire cortex region of theCNS in the first instar
larval stage (L1) (Fig. 1C).CtxGlia-SplitGal4 labeled cortex
glia of the central brain and VNC throughout larval
Coutinho-Budd et al.
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development, including latestages (third instar larval stage
[L3]) (Fig. 1D). Using a conditional “Flp-out” approach
(with UAS-mCD8>GFP>RFP and repo-FLP), we found
that cortexgliaestablish self-tileddomains (Fig. 1E) similar
to Drosophila (Stork et al. 2014) and mammalian astro-
cytes (Bushong et al. 2004). repo-FLP has stochastic activi-
ty that can turn on throughout the life of glial cells, which
accounts for the resulting green cells (unflipped), red cells
(flipped), and yellow cells (flipped cells that have turned
on RFP expression but not yet fully degraded GFP). Inter-
estingly, the precise cortex glial spatial domains appeared
tobeplastic. Forexample, the ablationof single cortexglial
cells (with UAS-reaper driven stochastically in flp-out
clones of wrapper932i>LexA>Gal4 using repoFLP) result-
ed in surrounding cortex glia growing in to fill the territory
of the ablated cell (Fig. 1F–F′′). After testingmany such cell
ablations, we rarely saw gaps of unwrapped neurons
around the red cortex glial debris, suggesting that cortex
glia may compete for CNS space during development. To
determine whether animals could survive without cortex
glia, we selectively ablated cortex glia with UAS-hid and
CtxGlia-SplitGal4 (Supplemental Fig. S3). We found that
ablation of cortex glia resulted in lethality at early larval
stages for most animals, indicating that cortex glia are im-
portant for survival.
To quantify populations of cortex glia, CtxGlia-Split-
Gal4 was crossed to UAS-LacZNLS and stained with
anti-βgal. βgal+ nuclei were counted per segment; seg-
ments were defined by nc82 staining and morphological
demarcations. Cortex glial numbers remained stable
throughout development from embryonic stages (Ito
et al. 1995) through second instar larva (L2); however,
Figure 1. CtxGlia-SplitGal4 allows for cortex glial-specific labeling and investigation of glia–neuron contacts throughout development.
(A–C ) Cortex glia infiltrate the cortex during embryonic development. Cortex glia are established around embryonic stage 12 (A), extend
processes to wrap neurons either in groups or individually as embryogenesis proceeds (B), and fully infiltrate the CNS around the first in-
star larval stage (C ). Cortex glia are labeled withUAS-CD8GFP (green; anti-GFP), and neuronal nuclei are stained with anti-Elav (red). (D)
CtxGlia-SplitGal4 labels cortex glia in the central brain andVNC, shownhere at the third instar larval stage (L3). Bar, 50 µm. (E) Stochastic
flp-out expression of GFP and RFP reveals that cortex glia form tiled domains with themselves (GMR54H02-gal4,UAS-CD8>GFP>RFP).
Bar, 10 µm. (F ) In the presence of flipase activity,Wrapper932i>LexA>Gal4 stochastically switches from the LexA driver to Gal4. Flp-out
clones of cortex glia expressing the cell death gene reaper (UAS-rpr), marked byUAS-CD8Cherry (red), degenerate from Reaper activity.
Neighboring control cortex glia that express only LexAop2-CD8GFP (green)—withoutUAS-rpr expression—grow to fill in empty space,
leaving no unwrapped neurons. Bar, 10 µm. (G–H′) Cortex glial nuclei (labeled with CtxGlia-SplitGal4,UAS-LacZNLS and stained with
anti-βgal [red]) increase significantly from the second instar larval stage (L2) (G,–G′) to L3 larval stage (H,–H′), specifically in the thoracic
(T1–T3) and first two abdominal (of A1–A7) segments. Bars, 20 µm. (I ) Adult VNC showing that the cortex glial specificity of CtxGlia-
SplitGal4 remains into adult stages. (J) Quantification of the numbers of Elav+ nuclei contained in each cortex glial cell from abdominal
segments A3–A6 in L3 brains. n = 27 cells from 21 clones in 15 brains. (K ) Quantification of cortex glial nuclei in L2 and L3 brains. n = 7
brains per time point. (∗∗∗) P < 0.0001, two-way ANOVAwith Sidak’s multiple comparison test. (L) Quantification of cortex glial nuclei in
each segment of the adult VNC. n = 5 brains.
Spz3 maintains glia/neuron interactions
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the number of cortex glial nuclei dramatically increased
during L2–L3 stages (Fig. 1G,H). The number of cortex gli-
al nuclei exhibited a threefold to fourfold increase be-
tween L2 and L3 stages in the thoracic (T1–T3) and first
abdominal (A1–A2) segments (Fig. 1J), possibly in con-
junction with late larval neuronal proliferation that oc-
curs in preparation for populating the adult VNC. We
next generated cortex glial flp-out clones using repo-FLP
to examine the morphology and territories of individual
cortex glial cells at L3. Single cortex glial cells in the
VNC abdominal segments of L3 larva ensheathed an aver-
age of 55 neurons, with a range as low as 22 and as high as
74 (Fig. 1K). The morphology and location of cortex glia
did not appear to be stereotyped with respect to the num-
ber of neuronal cells ensheathed or the precise domain of
the CNS covered, suggesting that the establishment of
cortex glial domainswas stochastic, perhaps being defined
through competitive interactions with neighboring cells.
The CNS undergoes a significant amount of remodeling
during metamorphosis; cortex glia remain labeled by
GMR54H02-Gal4 andCtxGlia-SplitGal4 through this pe-
riod and into adult animals (Fig. 1I,L).
Defining the boundaries of cortex glia in the CNS has
been difficult based on the nonspecific expression ob-
served in previously described cortex glial driver lines. Us-
ing CtxGlia-SplitGal4, we found that the entire cortex
glial population formed interglial boundaries where they
closely abutted other glial subtypes throughout the entire
CNS, such as ensheathing and wrapping glia (labeled with
GMR83E12-Gal4,UASCD8Cherry) as well as astrocytes
(labeledwith anti-GAT) (Supplemental Fig. S1C–E).While
axons anddendritesmustpass through the cortexglial net-
work in order to reach the neuropil and wire into synaptic
circuits, cortex glia were not previously thought to wrap
neurites in the neuropil; however, we found that they ex-
tended processes to wrap proximal regions of CNS axon
bundles. These bundles consisted of distinct glial layers
with ensheathing glia on the outer surface (Supplemental
Fig. S1F) as well as cortex glia in direct contact with
Futsch+ axons along nerves at the neuropil/cortex inter-
face (Supplemental Fig. S1G). This observation suggests
that cortex glia may also play important roles in axon
biology.
An RNAi-based screen identifies genes required for
cortex glial morphogenesis and identifies cortex glial
molecular heterogeneity
To identify signaling pathways regulating cortex glial de-
velopment and functions, we used CtxGlia-SplitGal4 to
conduct an RNAi-based screen of >2300 genes (including
transmembrane molecules, kinases, phosphatases, and
other types of signaling molecules in the Drosophila ge-
nome) for thosewhose knockdown led to defects in cortex
glial morphology at L3. Briefly, CtxGlia-SplitGal4,
UASCD8GFP flies were crossed to each individual Vienna
Drosophila Resource Center (VDRC) UAS-RNAi line or
control lines (w1118 or 40DUAS KK insertional control
line) (Vissers et al. 2016). Crosses were raised at 29°C,
and cortex glial morphology of the resulting progeny
was assessed through the body wall of live wandering L3
larvae under a fluorescent dissecting microscope. Com-
pared with control brains (Supplemental Fig. S4A,D), we
found two general types of morphological disruptions:
(1) poor cortex glial infiltration with thin processes re-
maining (Supplemental Fig. S4B) or (2) the appearance of
large globular cortex glia that lack thin processes that in-
filtrate between neuronal cell bodies (Supplemental Fig.
S4C). Furthermore, we found that changes in cortex glial
morphology could be classified into four separate spatially
defined groups. Specifically, alterations occurred (1)
throughout the entire CNS (e.g., furry and syntaxin 5)
(Supplemental Fig. S4E,F, respectively), (2) restricted pri-
marily to the brain lobes (e.g., connector of kinase to
AP-1) (Supplemental Fig. S4G), (3) restricted primarily to
the thoracic segments of the VNC (e.g., nucleoporin 98-
96) (Supplemental Fig. S4H), or (4) restricted primarily to
the abdominal segments (e.g., CG9702) (Supplemental
Fig. S4I). These spatially restricted differences in cortex
glial phenotypes suggest the possibility that cortex glia
are heterogeneous among these brain regions. We decided
to focus on the globular cortex glial morphology with im-
paired outgrowth of fine processes in the hope of defining
new mechanisms required for cortex glial morphogenesis
and interactions with neuronal cell bodies.
Membrane fusion machinery is necessary for the
maintenance of cortex glial morphology
Knockdown of multiple individual components of signal-
ing pathways that regulate membrane vesicle fusion and
transport led to the striking alteration of cortex glia into
a globular morphology where cortex glia failed to wrap
most neurons at L3 (Fig. 2A–F). Three related genes that
gave rise to this phenotype are (1) αSNAP (soluble NSF
[N-ethylmalemeide-sensitive factor] attachment protein
α), the Drosophila homolog of NAPA, a gene required for
zipping and unzipping SNARE proteins duringmembrane
fusion events (Fig. 2C,D; Supplemental Fig. S7A); (2)
αSNAP’s catalytic binding partner, NSF2 (Fig. 2E; Supple-
mental Fig. S7A; Hanson et al. 1995); and (3) Syntaxin 5, a
SNARE protein shown previously to directly bind αSNAP
(Fig. 2F; Rabouille et al. 1998) that is required for fusion
events at the Golgi apparatus in an αSNAP-dependent
manner. Phenotypes for each of these genes were con-
firmed by using additional nonoverlapping RNAi lines
(Supplemental Table S1). Cortex glia-specific knockdown
of all three genes led to globular cortex glia in 100% of an-
imals at L3. The phenotypes ranged from moderate to
severe throughout the brains, with the thoracic segments
and brain lobes most severely affected. Because these
genes are in the same signaling pathway, we focused on
αSNAP for more detailed analysis. To confirm endoge-
nous αSNAP expression in cortex glia, we used a previous-
ly characterized anti-αSNAP antibody (Babcock 2004) and
found that it overlappedwithCtxGlia-SplitGal4 aswell as
neurons (Supplemental Fig. S5A). Consistent with the fact
that our RNAi lines targeted αSNAP, we observed that
αSNAP levels were decreased in cortex glia in knockdown
animals (Supplemental Fig. S5B). We next examined the
Coutinho-Budd et al.
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phenotypic effects of cortex glia-specific knockdown of
αSNAP at the electronmicroscopic level tomore rigorous-
ly determine whether any fine cortex glial processes re-
mained that could not be detected at the level of light
microscopy. In our electron microscopy (EM) analysis,
we found that cortex glial processes in control brains
could be as thin as 50 nm between neuronal cell bodies
(Fig. 2G), and their fine membranes were found abutting
nearly all neuronal somata (Fig. 2G, inset). In knockdown
conditions, cortex glia were identified based on the large
globular structures matching those seen in confocal anal-
ysis (Fig. 2H), and we found the cortex glia expressing
αSNAPRNAi no longer extended processes between neuro-
nal cell bodies. In an attempt to analyze cortex glia in
αSNAPmutant animals, we examined a strong hypomor-
phic allele (αSNAPG8) in trans to a hypomorphic allele
that knocks down ∼30%–40% of the αSNAP protein
(αSNAPM4) (Babcock 2004). However, these trans-hetero-
zygous alleles led to animal lethality at L2 and resulted
in only partial reduction of αSNAP. Cortex glia in
αSNAPG8/M4 animals were still labeled by anti-αSNAP an-
tibodies (Fig. 5C), and cortex glial infiltration persisted
throughout this time. We suspect that the remaining
αSNAP protein expression at L2 is sufficient for normal
cortex glial development or that the phenocritical period
occurs later in development than L2.
To determinewhether the αSNAPRNAi phenotypewas a
result of defective cell fate specification and early mor-
phogenesis or the maintenance of cortex glial morpholo-
gy, we examined αSNAPRNAi phenotypes over multiple
developmental stages. Cortex glia migrate to their proper
stereotyped positions (medial-most [MM], medial [M],
ventrolateral [VL], and lateral [L]) during embryonic devel-
opment (Ito et al. 1995; Akiyama-Oda et al. 1999). Even
after constitutive αSNAPRNAi expression throughout em-
bryonic and larval stages, cortex gliamigrated to their cor-
rect M, MM, VL, and L positions in the embryonic VNC
(seen as stripes of nuclei in Fig. 2J) and successfully infil-
trated the cortex through the L2 stage. However, cortex
glia failed to maintain their morphology from L2 to L3
stages; instead, they retracted their previously established
processes and acquired the globular morphology (Fig. 2K).
Figure 2. Membrane fusionmachinery is necessary for themaintenance of cortex glialmorphology. (A) Control brainwithCtxGlia-Split-
Gal4 drivingUAS-CD8GFP (anti-GFP, green) stained for neuronal (anti-Elav, red) and glial (anti-repo, blue) nuclei to show normal cortex
glia throughout the central brain and VNC. (B) High-magnification image of control cortex glia morphology in the VNC. (C ) Cortex glia
expressing RNAi against αSNAP result in globular morphology, leaving many neurons unwrapped by cortex glia. (D) High-magnification
image of globular cortex glia induced by αSNAP knockdown. (E,F ) Cortex glial RNAi knockdown of αSNAP-binding partnersNSF2 (E) and
Syx5 (F ) mimics the αSNAP knockdown phenotype. Bars:A,C, 50 µm; B,D–F, 10 µm. (G,H) EM of cortex glia pseudocolored in green with
neuronal cell bodies outside the glial cell (∗). (G) Control cortex glia between neuronal cell bodies with processes as thin as 50 nm (inset
area; indicated by crimson arrow). (H) Globular cortex glial cell induced by cortex glia-specific αSNAPRNAi lacks processes between neu-
rons. Bar: G,H, 1 µm. (I,J) Without αSNAP, cortex glial nuclei do not increase from L2 (I,I′) to L3 (J,J ′). Bars, 20 µm. (K ) Quantification of
cortex glial nuclei. (n.s.) Not significant. (L) Fold increase from L2 to L3 is compared with controls. n = 7 brains each. (∗∗∗) P = 0.0002, two-
way ANOVA with Sidak’s multiple comparison test.
Spz3 maintains glia/neuron interactions
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αSNAP knockdown also affected cortex glial nuclear pro-
liferation at these later developmental stages. Like control
brains, the numbers of cortex glial nuclei remained stable
from embryonic development through mid-larval stages;
however, in contrast to controls (Fig. 1G,H,J), cortex glia
with αSNAP knockdown did not increase their numbers
from L2 to late L3 (Fig. 2L,M). We conclude that αSNAP
is necessary for the maintenance of cortex glial morphol-
ogy and growth in the developing larval CNS and that dis-
ruption of αSNAP function in cortex glia suppresses glial
proliferation prior to metamorphosis.
Vesicle fusionmachinery is usedwidely in animals dur-
ing cellular growth and physiology. It is plausible that the
phenotypes that we observed upon manipulation of the
vesicle fusion machinery with αSNAP could be indirect,
resulting from a general disruption of trafficking. To ex-
plore this possibility more deeply, we targeted the entire
family of Drosophila Rab proteins, which are essential
regulators of nearly all types of intracellular vesicle trans-
port. Each Rab is specific to different intracellular com-
partments and types of vesicle transport, and individual
Rab proteins can be targeted selectively with RNAi and/
or dominant-negative constructs. We used a collection
of lines that endogenously tag all Drosophila Rab mole-
cules with YFP so that their expression can be observed
under the control of their endogenous promoters (Dunst
et al. 2015). We found that most Rabs were endogenously
expressed in cortex glia (Fig. 3A,B,D), with the exceptions
of Rab3, Rab14, Rab26, Rab27, and RabX4 (Fig. 3C,D).
We then assayed all cortex glial-expressed Rabs for roles
in maintenance of glial morphology. The majority of the
25 Rabs tested did not alter cortex glial morphology
when interrupted by RNAi-mediated knockdown or ex-
pression of dominant-negative constructs, suggesting
that general disruption of Rab activity or vesicle traffick-
ing is not sufficient to influence cortex glial development.
Rather, only dominant-negative expression or RNAi
knockdown of Rab1, Rab11, Rab35, and, to a lesser extent,
Rab5 mimicked the αSNAP phenotype. As with αSNAP,
these animals exhibited normal cortex glia through
L2 and developed globular cortex glia by L3 (Fig. 3E–L). In-
terestingly, these Rabs are engaged in recycling and vesi-
cle secretion (Dunst et al. 2015; Sorvina et al. 2016),
suggesting a particularly important role for vesicle secre-
tion/recycling in the context of maintenance of glial
morphology.
Disruption of cortex glial morphogenesis leads to
aberrant astrocyte overgrowth into the cell cortex region
Cortex glia and astrocytes normally occupy adjacent,
largely nonoverlapping domains in the VNC (Supplemen-
tal Fig. S1). In control brains,Drosophila astrocytes remain
restricted to the neuropil region,while cortex glia reside in
the cell cortex of the brain (Fig. 4A,F; Supplemental Fig.
S1). Unexpectedly,whenwe examined astrocytemorphol-
ogy in animals with ablated cortex glia (Fig. 4B) or globular
cortex glia induced by αSNAPRNAi expression (Fig. 4C), we
found that astrocytes began to infiltrate the cortex region.
Although a small number of astrocyte processes were
sometimes observed extending short distances into the
cortex region of control animals (16.2% of hemisegments
and10.49%± 2.74%of cortexdepth) (Fig. 4A [arrowheads],
quantified in D), astrocytic processes inappropriately in-
vaded portions of the cortex region in cortex glial hid ani-
mals (98.72% of hemisegments and 98.22%± 1.15%
depth of cortex) (Fig. 4B,D) and the majority of segments
in cortex glial αSNAPRNAi animals (77.4% of hemiseg-
ments and 93.8% ± 6.35% depth of cortex) (Fig. 4C,D).
These aberrant glial processes were not due to astrocyte
Figure 3. Disruption of Rab1, Rab5, Rab11, and Rab35
impairs cortex glial morphology. (A–D) Using the Rab-
YFP collection that expresses YFP-tagged Rab proteins
under the control of their endogenous promoter (Dunst
et al. 2015), we determined that only RabX1 seems to
be enriched in cortex glia (CtxGlia-SplitGal4,UAS-
CD8mCherry, red) compared with surrounding cells
(shown in A). (B) Most Drosophila Rab proteins are pre-
sent to some extent in cortex glia but also seem to be fair-
ly ubiquitous. For example, Rab35 can be seen in both
cortex glia and the neurons they surround. (C ) A few,
such as the example of Rab26, were not found to be ex-
pressed in cortex glia. (D) Table of the Rab-YFP proteins
listed by their expression relative to cortex glia. (E–L) In-
terruption of Rab signaling with RNAi or dominant-neg-
ative (DN) constructs only recapitulated the globular
cortex glial phenotype, with both dominant-negative
and RNAi constructs targeting Rab1 (E,F ), Rab11 (G,
H), Rab35 (I,J), and, to a lesser extent, Rab5 (K,L). Like
αSNAP, these defects arise between the L2 (E,G,I,K )
and L3 (F,H,J,L) stages. Bars, 10 µm. The bar for A–C is
shown in C, and the bar for E–L is shown in E.
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proliferation, as the number of astrocytes remained un-
changed between control and αSNAPRNAi animals (Fig.
4E). These observations argue that cortex glia normally re-
strict the growth of astrocyte processes to the neuropil. In-
terestingly, we also found that genetic ablation of
astrocytes using alrm-Gal4-driven UAS-rpr resulted in a
reciprocal aberrant infiltration of cortex glial processes
into the neuropil in 89.3% of hemisegments, compared
with just 3.6% of controls (Fig. 4F–I). Together, these
data indicate that ongoing cortexglia–astrocyte communi-
cation is required for each subtype to remainwithin its ap-
propriate spatial domain. Furthermore, it demonstrates
that genetically compromised glia can affect the growth
properties of otherwise healthy neighboring glia.
Genetic ablation of glial subtypes such as astrocytes or
cortex glia could induce an injury response in the neigh-
boring cells to drive their growth toward physiologically
disrupted CNS regions. To date, all injury responses in
Drosophila (i.e., extension of glial processes to injured
neurons) require the engulfment receptor Draper, the ho-
molog of mammalian MEGF10 (Wu et al. 2009). Draper is
expressed and functions as an engulfment receptor in both
cortex glia and astrocytes to engulf neuronal cell corpses
or neurite debris (MacDonald et al. 2006; Kurant et al.
2008; Tasdemir-Yilmaz and Freeman 2014), and this en-
gulfment signaling pathway is conserved in mammals
(Wu et al. 2009; Chung et al. 2013). To assay whether cor-
tex glia or astrocytes were growing into neighboring do-
mains to engulf debris in a Draper-dependent manner,
we created a LexAop2-driven DraperRNAi construct to
knock downDraper signaling in either cell type. This con-
struct effectively blocked Draper signaling, as it was suffi-
cient to inhibit neuropil invasion by ensheathing glia after
axon injury in the adult antennae lobe (a process known to
require Draper signaling) (Supplemental Fig. S6A–D).
However, in the context of glial overgrowth in the VNC
after ablation of neighboring glia, knockdown of Draper
in either astrocytes or cortex glia was not sufficient to
block the invasion of aberrant glial processes when the ad-
jacent glial subtype was compromised (Supplemental Fig.
S6E–H). These data argue that cross-infiltration of spatial
domains for cortex glia and astrocytes occurs throughDra-
per-independent mechanisms and is not simply an injury
response to dying cells.
Loss of normal cortex glial morphology leads to increased
neuronal cell death and behavioral impairment
Even with ingrowth of neighboring astrocytes, many neu-
ronal cell bodies are still devoid of direct glial contact in
animals with globular cortex glia (e.g., αSNAPRNAi ani-
mals). We exploited this fact to examine how neuronal
health and function are affected in vivowhen themajority
of their cell bodies is not ensheathed by glia. Cortex glia
have been proposed to function in regulating ion balance
in the neuronal extracellular environment (Melom and
Littleton 2013) and to provide an array of trophic andmet-
abolic support to neurons (Buchanan and Benzer 1993;
Figure 4. Dysfunctional glia lead to aberrant
growth of neighboring glial subtypes. (A) Cross-
section of control L3 VNC with neuropil-re-
stricted astrocytes (anti-GAT, red; A′) and cor-
tex-restricted cortex glia (CtxGlia-SplitGal4,
UAS-CD8GFP stained with anti-GFP, green;
A′′) costained for synapses (anti-Brp, blue). (A′)
Arrowheads show small stray astrocytic pro-
cesses. (B,C ) Cortex glial ablation with UAS-
hid (B) or morphological disruption via UAS-
αSNAPRNAi (C ) causes widespread invasion of
astrocytes to the cortex (B′), whereas synapses
remain in the neuropil (B), and cortex glia re-
main in the cortex in αSNAP (B′′). (D) Quantifi-
cation of the percentage of hemisegments with
astrocytes crossing the neuropil–cortex boun-
dary increases from 16.18% of segments in con-
trols (n = 17) to 98.72% in UAS-hid (n = 13) and
77.43% in cortex glia-specific αSNAPRNAi ani-
mals (n = 12). (∗) P = 0.0227; (∗∗∗) P < 0.0001,
one-way ANOVA with Tukey’s multiple com-
parisons test (with Spz3RNAi shown in Fig. 6E,
below). (E) Quantification of Prospero+ astro-
cytes shows no difference in astrocyte numbers
during the outgrowth events. n = 7 control ani-
mals; n = 13 SNAPRNAi animals. (F ) Longitudinal
section of control L3 VNC with neuropil-re-
stricted astrocytes (anti-GAT, red; F′) and cortex-restricted cortex glia (Wrapper932i-LexA,LexAop-CD2GFP stainedwith anti-GFP, green;
F′′). (G) Astrocyte ablation with Alrm-Gal4 drivingUAS-reaper (anti-RFP, red;G′) results in cortex glial (anti-GFP, green;G′′) infiltration
into the neuropil. (H–H′′ ) Close-up of inset inG–G′′. (I ) Quantification of the percentage of hemisegments with aberrant cortex glia in the
neuropil increases from 3.648% in controls to 89.26% in astrocyte ablated animals. n = 9 wild-type ablations; n = 14 astrocyte ablations.
(∗∗∗) P < 0.0001, unpaired t-test. Bars, 10 µm. The dashed line depicts the cortex/neuropil boundary in all images.
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Volkenhoff et al. 2015). First, wewondered how the abnor-
malmorphology of cortex glia affected physiological func-
tions. Cortex glial processes exhibit dynamic Ca2+
signaling events in vivo, which are thought to modulate
neuronal activity (Melom and Littleton 2013). Interesting-
ly, we found that prior to the onset of globular morpholo-
gy, the number of calcium transients over a 90-sec period
was reduced from ∼14.4 per 400 µm2 in control cortex glia
at L2 comparedwith 5.1 per 400 µm2 in L2 cortex gliawith
αSNAP knockdown (Fig. 5A–C; Supplemental Movie S1).
Therefore, loss of αSNAP results in profound changes in
cortex glial cellular physiology even before the onset of
morphological changes. Given the role of αSNAP in vesi-
cle fusion, it is possible that reduced αSNAP could poten-
tially interfere with the insertion of themembrane-tagged
GCaMP5a calcium sensor; however, this is unlikely to be
the cause of reduced transients, as similar levels of GFP
fluorescence were observed between the two conditions.
We next assayed for behavioral phenotypes to deter-
minewhether overall larval CNS physiology was compro-
mised without proper cortex glial infiltration. Larval
crawling paths of αSNAP knockdown animals were short-
er (Fig. 5D), with a velocity of 5.138 cm/min compared
with 6.934 cm/min in controls (Fig. 5E). Interestingly,
when longer crawling paths did occur, they were more
convoluted than the tracts of control animals. We there-
fore quantified the linear distance from the starting point
to the end point of the crawling path and revealed that this
was significantly reduced in knockdown conditions (2.135
cm in αSNAP knockdown compared with 4.382 cm in
controls) (Fig. 5F). Finally, we explored how a lack of cor-
tex glial ensheathment of neuronal cell bodies affected
neuronal survival in the VNC at L3. We stained for the
presence of the cell death marker DCP-1 (cleaved death
caspase protein-1) (Akagawa et al. 2015) in control ani-
mals and αSNAPRNAi animals lacking full cortex glial in-
filtration. Developmental cell death occurs in control
animals, which have, on average, 198.2 cell corpses in
the entire VNC; however, αSNAPRNAi animals had an av-
erage of 269.9 DCP-1+ cell corpses throughout the VNC,
an increase of 36% (Fig. 5G–I). The elevated cell death
that we observed in animals lacking cortex glial infiltra-
tion argues that cortex glial association with neuronal
cell bodies is necessary to promote neuronal survival.
The secreted neurotrophin Spz3 cell-autonomously
regulates cortex glial morphology
αSNAP is required for SNARE complex disassembly and
functions in vesicle fusion during exocytosis (Supplemen-
tal Fig. S7A; Littleton et al. 1998; Xu et al. 1999). Our ob-
servation that the disruption of this pathway alters cortex
glial morphology highlights an important role for mem-
brane dynamics in maintaining cortex glial morphology.
However, this phenotype could result from the pleiotropic
effects of loss of vesicle dynamics, including disruption of
membrane receptor trafficking, blockade of secreted sig-
naling factors, or simply the lack of insertion of newmem-
branes for cellular expansion. We were particularly
interested in whether the effects of αSNAP knockdown
in cortex glia could at least in part result from reduced exo-
cytosis and protein secretion. In our screen of the 2300
RNAi lines, we also identified Spz3, a cys-knot protein
similar to mammalian neurotrophins such as nerve
growth factor (NGF) and brain-derived neurotrophic factor
(BDNF) (Parker et al. 2001; Zhu et al. 2008; Ballard et al.
2014) that phenocopied many of the effects of loss of
αSNAP. First, the developmental time line of phenotypic
onset observed with Spz3RNAi in cortex glia matched that
Figure 5. Disruption of cortex glial morphology results
in increased neuronal cell death and behavioral impair-
ment. (A–B′′) Calcium imaging in cortex glia at L2 in
control (A–A′′) and cortex glia-specific αSNAP knock-
down (B–B′′) using UAS-GCaMP5a driven by
GMR54H02-Gal4. Bars, 10 µm. Images shown are at 5-
sec intervals. White arrowheads show calcium tran-
sients in cortex glial processes. (C ) Quantification of cal-
cium transients per 400-µm2 area: control mean = 14.43
transients; αSNAPRNAi = 5.107 transients; n = 28 regions
of interest; n = 4 brains each. (∗∗∗) P < 0.0001, unpaired t-
test. (D) Example traces of larval crawling from control
(black) or cortex glial αSNAPRNAi (red) in L3 larva
(CtxGlia-SplitGal4,UAS-CD8GFP crossed to wild type
or UAS-αSNAPRNAi). (E) Quantification of larval crawl-
ing speed (centimeters per minute) shows a slight drop
from 6.934 cm/min in control animals (n = 34) to 5.138
cm/min in αSNAPRNAi animals (n = 29). (∗∗∗) P <
0.0001, unpaired t-test. (F ) Quantification of linear dis-
tance traveled from the start to the end of the crawling
path is reduced from 4.382 cm in control animals (n =
34) to 2.135 cm in αSNAPRNAi cortex glia animals (n = 29). (∗∗∗) P < 0.0001, unpaired t-test. (G) DCP1+ (death caspase protein-1-positive)
puncta increased from 198.2 in control VNCs to 269.9 in αSNAPRNAi animals. n = 12 brains per genotype. (∗∗∗) P = 0.001, one-way
ANOVA with Tukey’s multiple comparison test (with Spz3RNAi shown in Fig. 6E). (H,I ) Cell death (anti-DCP-1, red) in control L3
VNC (H) or in the presence of globular cortex glia induced by UAS-αSNAPRNAi (I ). Cortex glia were visualized with CtxGlia-SplitGal4
driving UAS-CD8GFP (anti-GFP, green) and stained for neuronal nuclei (anti-Elav, blue).
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of αSNAP knockdown (Fig. 6A–D). In addition, globular
cortex glia resulting from Spz3RNAi also increased aber-
rant astrocyte outgrowth (from 16.18% to 79.17%) (Fig.
6E), reduced larval crawling velocity (from 7.136 cm/
min to 5.908 cm/min) (Fig. 6F), decreased directional per-
sistence (from 4.145 cm in controls to 2.146 cm) (Fig. 6G),
and increased neuronal cell death (to 268.7DCP-1+ puncta
per VNC) (Fig. 6H). Compared with a VDRC RNAi inser-
tional control in which there is 97.8% coveragewithmor-
phologically normal cortex glia (Fig. 6I,N), knockdown of
Spz3 resulted in very little remaining normal cortex glial
morphology and infiltration (5.8%) (Fig. 6J,N).
To confirm that this result was due to the depletion of
Spz3, we assayed cortex glial morphology in Spz3P mu-
tants (a P-element insertion resulting in a strong hypo-
morphic allele of Spz3) (Ballard et al. 2014) as well as the
ability of an RNAi-insensitive Spz3 construct (UAS-
Spz3iResGFP) to autonomously rescue cortex glial mor-
phology in the presence of Spz3RNAi. Spz3P homozygous
animals die at L1. We found that the number of affected
cortex glia in the VNC of these early L1 Spz3P animals
as well as the severity of morphological defects were sig-
nificantly increased in homozygous animals compared
with heterozygous controls. These defects were attenuat-
ed in homozygous animals with cortex glial expression of
Spz3GFP (Supplemental Fig. S8A–C,G,H). Cortex glial
morphology in Spz3P L1 animals was often swollen,
with some thin processes remaining rather than
completely globular. Interestingly, small areas lacking
neurons were found in the cortices of homozygous
Spz3P VNCs. These pockets were reminiscent of the
size and shape of the neuronal voids created by globular
cortex glia seen with RNAi. While the number of voids
was not changed with the addition of Spz3GFP, the size
of the voids was reduced in the presence of cortex glial
Spz3GFP expression (Supplemental Fig. S8D,E,I,J). Due
to the early lethality of Spz3P homozygous animals, we
could not assess whether these swollen cortex glia would
still infiltrate normally if allowed to develop further.
Spz3P is viable at least through larval stages in trans to
DfBSC142 (a deficiency uncovering Spz3), allowing us to as-
sess cortex glial development in these animals at later
developmental time points. These cortex glia infiltrate
the cortex normally through L2 and exhibit morphologi-
cal defects only at L3, following the same time line ofmor-
phological defects as seen with RNAi (Supplemental Fig.
S8K–O). These data argue that the timing of cortex glial
defects is not due to delayed onset of RNAi expression
or knockdown efficiency but rather developmental mech-
anisms. For rescue at later larval stages and to focus on
cortex glia-specific effects of reduced Spz3, we compared
phenotypes of cortex glial coverage in L3 animals with
Figure 6. Spz3 cell-autonomously regulates cortex
glial morphology. (A–D) Knockdown of Spz3
(Spz3RNAi) in cortex glia (visualized with CtxGlia-
SplitGal4 driving UAS-CD8GFP) resulted in normal
development through L1 (A) and early L2 (B). Progres-
sivemorphological disruption occurs between L2 and
L3 stages (C,D). Neuronal nuclei are stained in red
(anti-Elav). Bar, 20 µm. (E) Spz3RNAi in cortex glia in-
creased aberrant astrocyte outgrowth from16.18% (n
= 17) to 79.17% (n = 9) of hemisegments in the VNC.
(∗∗∗) P < 0.0001, one-way ANOVA with Tukey’s mul-
tiple comparison test (with hid and αSNAPRNAi
shown in Fig. 4D). (F,G) Spz3RNAi affected L3 larval
crawling with reduced crawling velocity from 7.136
cm/min (n = 49) to 5.908 cm/min (n = 38; [∗∗∗] P =
0.0008, unpaired t-test; F ) and decreased linear dis-
tance traveled from the starting to the ending points
of the path from 4.145 cm in controls (n = 49) to
2.146 cm (n = 38; [∗∗∗] P < 0.0001, unpaired t-test; G).
(H) DCP1+ puncta increased from 198.2 in control
VNCs to 268.7 in Spz3RNAi animals. n = 12 brains
per genotype. (∗∗) P = 0.0012, one-way ANOVA with
Tukey’s multiple comparison test (with αSNAPRNAi
shown in Fig. 5G). (I–M′′) CtxGlia-SplitGal4,UAS-
CD8Cherry crossed to the 40DUAS KK insertion con-
trol shows normal cortex glial morphology (red) in
thoracic segments at L3 (shown in I–I′′). RNAi target-
ed to Spz3 results in globular morphology at L3 (J–J′′)
that is not rescued by the addition of UAS-CD8GFP
(K–K′′) or UAS-Spz3GFP (L–L′′). (M–M′′) UAS-driven
RNAi-resistant Spz3GFP (UAS-Spz3iResGFP) amelio-
rates cortex glial morphology. Cortex glia are marked withUAS-CD8Cherry (anti-RFP, red) and stained for rescue constructs (anti-GFP,
green) and neuronal nuclei (anti-Elav, blue). Bar, 10 µm. (N) Quantification of the area (fromT2–T3 segments) covered bymorphologically
normal cortex glia reveals 97.8% in control (n = 13 brains), 5.8% in RNAi only (n = 18 brains), 7.2% in cortex glia expressing CD8GFP (n =
15 brains), 15.8% in cortex glia expressing Spz3GFP (n = 12 brains), and 40.76% in cortex glia expressing Spz3iResGFP (n = 32 brains). (∗∗∗)
P < 0.0003; (n.s.) P > 0.49, one-way ANOVA with Tukey’s post hoc test.
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Spz3RNAi and either (1) UAS-CD8GFP (7.2%) (Fig. 6K,N),
(2) aUAS-Spz3GFP construct that was not protected from
RNAi knockdown (15.8%) (Fig. 6L,N), or (3) the RNAi-re-
sistantUAS-Spz3iResGFP construct (40.76%) (Fig. 6M,N).
NeitherUAS-CD8GFP norUAS-Spz3GFPwas able to sig-
nificantly rescue Spz3RNAi-induced globular cortex glial
phenotypes. The only construct able to significantly res-
cue cortex glial morphology was the RNAi-resistant
UAS-Spz3iResGFP (Fig. 6N). This rescue varied from brain
to brain, likely due to differences in expression level from
cell to cell, which appeared to be stochastic based on lev-
els of GFP (Fig. 6M; Supplemental Fig. S7E,F). The loss of
Spz3GFP expression in the presence of Spz3RNAi confirms
that the Spz3RNAi construct targets Spz3 (Supplemental
Fig. S7C,D); moreover, the persistence of Spz3iResGFP ex-
pression demonstrates its RNAi resistance (Supplemental
Fig. S7E,F). The cell-autonomous rescue from cortex glia
further supports the notion that Spz3 functions via an au-
tocrine signaling mechanism for the regulation of cortex
glial growth and maintenance.
Spz family proteins and mammalian neurotrophins
have been shown to be secreted proteins that can act
over varying distances to induce signaling events in target
cells (Parker et al. 2001; Zhu et al. 2008; McIlroy et al.
2013; Egervari et al. 2015; Harward et al. 2016). To
test whether Spz3 is also secreted, we transfected S2
cells with Spz3GFP, separated the cells from their condi-
tioned media, and probed both for Spz3 expression (Sup-
plemental Fig. S7B). Compared with nontransfected
controls, we found that full-length Spz3GFP protein was
present at ∼110 kDa only in the transfected S2 cells. We
identified smaller bands present only in the conditioned
media of the transfected cells that were consistent with
the size of the cleaved secreted cys-knot domains of other
Spz family proteins (∼50–60 kDa, including the 27-kDa
GFP) (McIlroy et al. 2013).
We next examined the extent to which expression of
Spz3 could rescue morphological phenotypes at differing
distances from cortex glia in vivo. We assayed for rescue
of cortex glial morphology by expression of Spz3 from as-
trocytes or neurons in a genetic background where Spz3
was depleted from cortex glia by RNAi. We found that
Spz3GFP expression from astrocytes was not sufficient
to rescue cortex glia morphology when Spz3RNAi was ex-
pressed in cortex glia (Supplemental Fig. S9). This argues
that Spz3 cannot signal from the neuropil to the cortex
—a distance of <50 µm—in sufficient quantities to affect
cortex glial morphology. Despite the fact that Spz3RNAi
in cortex glia causes compensatory outgrowth of astrocyte
processes into the cortex and therefore might reduce the
distance of diffusion, astrocyte spz3GFP expression is
not able to rescue the cortex glia defects. We suspect
that this is due to the availability of astrocyte processes:
Even when astrocytic processes invaded the cortex, the
majority of the cortex still lacked astrocyte processes
(Supplemental Fig. S9C′′). This is consistent with the no-
tion that Spz3 acts at a very short range. In accordance
with this, we found that Spz3 expression in neurons
(which form much closer and more robust contacts with
cortex glial cells) had a significant rescuing effect on cor-
tex glial morphology (Fig. 7). In thoracic segments of con-
trol brains at L3 (Fig. 7A,F), infiltration of cortex glial
processes was normal in ∼94% of the measured brain
area, while knockdown of Spz3 (Fig. 7B,F) led to only
2.7% of the area covered by normal cortex glial morphol-
ogy. Expression of CD8GFP in neurons had no significant
effect on cortex glial morphology (Fig. 7C,F). In contrast,
Spz3GFP expression from neurons partially restored cor-
tex glial infiltration to an average of 23.3% total coverage
(Fig. 7D–F). We suspected that this partial rescue is in part
due to sparse neuronal expression of Nsyb-QF2 in the L3
VNC (Fig. 7A,D). Indeed, on closer inspection, we noticed
that expression of Spz3GFP predominantly rescued mor-
phology in cortex glia bordering or in close proximity to
neurons expressing Spz3GFP (Fig. 7E). Neurons that did
not express significant levels of Spz3GFP largely lacked
cortex glia ensheathment. Moreover, local expression of
neuronal Spz3GFP was also able to rescue the cortex glial
morphology after αSNAP knockdown (Fig. 7G,H), arguing
that reduced Spz3 secretion is one of the primary effects of
removing αSNAP. The fact that adjacent neuronal cell
bodies are differentially ensheathed based on their expres-
sion of Spz3 further highlights the local nature of Spz3 sig-
naling in driving cortex glial ensheathment of neuronal
cell bodies.
Together, our data support a model in which Spz3 acts
cell-autonomously to maintain cortex glial morphology
and promotes continued cortex glial ensheathment of
neuronal cell bodies in the CNS. In addition, we show
that maintenance of these contacts is essential for normal
neuronal function, survival, and, ultimately, animal
behavior.
Discussion
All major glial subtypes in the mammalian CNSmake di-
rect contact with neuronal cell bodies, and the vastmajor-
ity of neuronal cell bodies is associated with glia.
However, the detailed study of neuron–glia physiological
functions at neuronal cell bodies in vivo has been hin-
dered by the complexity of neuron–glia architecture. For
instance, in mammals, a single astrocyte generally associ-
ates with many neuronal cell bodies and the entire local
synaptic network, consisting of many thousands of syn-
apses. Therefore, directly manipulating interactions at
only synapses or the cell body is challenging, and parsing
individual physiological functions is difficult without a
detailed understanding of the signaling mechanisms
selective to each location. Furthermore, the lack of genet-
ic tools to target glia that associate only with cell bodies
(e.g., peripheral satellite glia) has precluded the advance-
ment of such efforts.
In this study, we explored the biology ofDrosophila cor-
tex glial cells, whose processes associate primarily with
neuronal cell bodies, but not synapses, to overcome these
limitations. We generated and characterized a number of
new tools that allow for the specific targeting and manip-
ulation of cortex glia in vivo and used these tools to char-
acterize their development and functional interactions
Coutinho-Budd et al.
2032 GENES & DEVELOPMENT
 Cold Spring Harbor Laboratory Press on February 20, 2018 - Published by genesdev.cshlp.orgDownloaded from 
with other glial subtypes and neurons. We showed that
cortex glia tile with each other and astrocytes, establish-
ing unique spatial domains. Additionally, our results
show that the disruption of vesicular fusion, recycling,
and secretion leads to a loss of complex cortex glial mor-
phology. Altered cortex glial morphology and signaling
had wide-ranging consequences on the CNS, such as aber-
rant invasion of neighboring astrocyte processes into the
cortex region, increased neuronal cell death, and behavio-
ral impairment. Finally, we show that a key factor regulat-
ing these events is Spz3, a secreted neurotrophin-like
molecule. Spz3 functions autonomously in cortex glia
and, based on our rescue experiments in both cortex glia
and neurons, appears to act very locally—sometimes
over a distance of only a few cell diameters—to modulate
maintenance of cortex glial morphology and association
with neuronal cell bodies.
Glia maintain interactions with neuronal cell bodies
throughout development
Our CtxGlia-SplitGal4 driver is highly specific in its la-
beling of cortex glia at all developmental stages. We
used this driver to begin to explore basic questions in cor-
tex glial morphogenesis. While it was thought previously
that cortex glial processes did not enter the neuropil, we
found that cortex glia in fact extend processes a short dis-
tance on proximal nerve bundles as they extend into the
neuropil; however, we found no evidence for association
with synapses. At neuronal cell bodies, we found that cor-
tex glia rapidly invade between neurons almost immedi-
ately after they are born in the embryo. This is
mechanistically distinct from the larval brain, where cor-
tex glia have been reported to wrap neuroblasts and their
newborn progeny in clusters of 15–20 neurons and then
later slowly fill in to individually wrap neurons as they
mature (Dumstrei et al. 2003). It therefore appears that
cortex gliamay engage stage- or context-specific programs
for ensheathment of neuronal cell bodies.
Cortex glia have been shown to proliferate in the brain
lobes based on β-gal staining of nuclei (Avet-Rochex
et al. 2012). We also observed increases in nuclear number
during mid–late larval stages; however, we are uncertain
whether this is due to proliferation or, potentially, endo-
mitosis (the replication of DNA without cell division)
(Orr-Weaver 2015). SPGs aremultinucleated cells that un-
dergo endoreplication to increase the number of nuclei per
cell during larval stages (Unhavaithaya and Orr-Weaver
2012). Although we made extensive attempts, we were
unable to reliably generate MARCM (mosaic analysis
with a repressible cell marker) clones in VNC cortex
glia, although MARCM clone generation in other glial
cell types is straightforward (Awasaki et al. 2008; Stork
et al. 2014). It is unclear why this is the case. MARCM
clone induction relies on the removal of the Gal4 suppres-
sor Gal80 during mitotic recombination (Lee and Luo
Figure 7. Ectopic neuronal expression of Spz3
can locally regulate cortex glial morphology. (A)
CtxGlia-SplitGal4 expressing UAS-CD8Cherry
with Nsyb-QF driving expression of QUAS-
Spz3GFP in a subset of neurons driven by Nsyb-
QF2 results in relatively normal cortex glialmor-
phology (red) at L3. (B–E) Spz3RNAi in cortex glia
results in globular morphology at L3 (B–B′′) that
is not rescued by QUAS-CD8GFP in neurons
(C–C′′). (D–D′′) Expression of QUAS-Spz3GFP
in neurons can ameliorate cortex glialmorpholo-
gy in areas close to Spz3-expressing neurons. (E)
Close-up of the inset in D demonstrating rescue
of cortex glia along Spz3GFP-expressing neurons
(the red line outlines cortex glial processes). Cor-
tex glia are marked withUAS-CD8Cherry (anti-
RFP, red), neurons expressing QF-driven
CD8GFP or Spz3GFP for rescue constructs are
shown in green (stained with anti-GFP), and all
neuronal nuclei are shown in blue (stained with
anti-Elav). (F ) Quantification of the area (thoracic
segments) covered by morphologically normal
cortex glia reveals 94.0% in control (n = 12
brains), 2.7% in RNAi only (n = 13 brains), 7.2%
in brains with neurons expressing CD8GFP (n =
7 brains), and 23.26% in brains expressing
Spz3GFP (n = 28 brains). (∗∗) P = 0.0194; (∗∗∗) P <
0.0003; (ns) P > 0.40, one-way ANOVA with
Tukey’s post hoc test. (G–G′′) Expression of
QUAS-Spz3GFP rescues cortex glial morpholo-
gy caused by αSNAPRNAi near Spz3-expressing
neurons. (H)Quantification of neuronal Spz3 res-
cue of cortex glial coverage in cortex glia driving αSNAPRNAi. n = 6; n = 12, respectively. (∗∗) P = 0.0057, unpaired t-test. Bars, 10 µm.
Spz3 maintains glia/neuron interactions
GENES & DEVELOPMENT 2033
 Cold Spring Harbor Laboratory Press on February 20, 2018 - Published by genesdev.cshlp.orgDownloaded from 
1999). One possibility is that cortex glia are multinucleat-
ed cells, which would explain the lack of MARCM clone
production. In a multinucleated cell, even if some of the
recombination events result in the removal of Gal80
from one nucleus, other nuclei in the same cell could re-
tain Gal80 and repress Gal4 function. Such issues with
MARCM clone production have been reported by others:
Cortex glia and SPGs were rarely labeled when MARCM
clones were induced during larval stages (Awasaki et al.
2008).
Cortex glia form homotypic contacts with themselves
and heterotypic contacts with astrocytes to establish
unique spatial domains that restrict glial growth
It is well established that mature astrocytes tile to form
domain boundaries with neighboring cells of the same gli-
al subtype (Bushong et al. 2004; Stork et al. 2014). Here, we
demonstrated that cortex glia also exhibit self-tiling
behavior. The maintenance of these boundaries appears
to be an active process, as was the case with Drosophila
astrocytes (Stork et al. 2014). The ablation of a single cor-
tex glial cell allows surrounding cortex glia to grow into
the domain of the dying cortex glial cell, presumably to
ensure the complete ensheathment of neuronal cell bod-
ies. Whether glia of different subtypes similarly tile with
cortex glia in a heterotypic manner was not known. We
found that cortex glial cells and astrocytes also communi-
cate with one another and help restrict each other’s do-
mains of growth. This is reminiscent of cell–cell
interactions at the motor exit point transition zone
(MEP TZ) at the CNS/peripheral nervous system boun-
dary of the vertebrate spinal cord, where radial glial cells
restrict the outgrowth of peripheral glia into the spinal
cord, and ablation of radial glial cells leads to the migra-
tion of peripheral glia across theMEPTZ boundary (Smith
et al. 2016). The aberrant outgrowth of astrocytic process-
es in the presence of globular cortex glia or the converse
growth of cortex glia into the neuropil after astrocyte ab-
lation demonstrates that there is ongoing communication
between these subtypes in vivo. This observation indi-
cates that the spatial domains that glia occupy in the
CNS are not defined solely by an affinity for that domain
(e.g., an attraction of astrocytes to synapses in the Droso-
phila neuropil) but instead are actively delimited by
neighboring repulsive interactions with neighboring pop-
ulations of glia cells. Whether these glia cross-infiltrate in
response to factors from themanipulated glial cells or per-
haps stress signals from neurons in the domain of glia ab-
lation awaits further investigation.
Cortex glia require ongoing vesicle fusion, recycling,
and Spz3 signaling to maintain their morphology
Vesicle fusion is achieved by the pairing of trans-SNARE
complexes necessary to bring vesicles together with their
target membranes (Supplemental Fig. S7A). αSNAP is in-
volved in all aspects of vesicle fusion events, as it is neces-
sary for the unclasping of cis-SNARE complexes prior to
trans-SNARE binding (Littleton et al. 1998). The knock-
down of αSNAP or its ATPase-binding partner, NSF2, is
predicted to disrupt vesicle fusion events such as exocyto-
sis (Littleton et al. 1998; Xu et al. 1999; Babcock 2004).
Mammalian glial cells have been proposed to rely on
SNARE-dependent mechanisms for Ca2+-dependent exo-
cytosis in gliotransmission (Bezzi et al. 2004). That we ob-
served a dramatic change in cortex glial Ca2+ transients
might be explained by a role for SNARE-dependent mech-
anisms in maintaining Ca2+-dependent release of glial
factors by a similar mechanism at neuronal cell bodies.
Perhaps the highly elaborate nature of cortex glial
morphology renders these cells particularly sensitive to
perturbations in signaling and results in changes in mor-
phogenesis or morphological maintenance.
The requirement of αSNAP in vesicle fusion in exocyto-
sis led us to search for a secreted molecule that mimicked
the effects of the cortex glia-specific knockdown of
αSNAP on cortex glial morphology. Our identification of
Spz3 as a key signaling factor in cortex glial morphogene-
sis that phenocopies all defects associated with the loss of
SNARE-dependent events in cortex glia argues strongly
that there are specific factors released to promote the de-
velopment and maintenance of cortex glial structure and
neuronal association. Spz3 is a member of theDrosophila
neurotrophin-like Spz family (Parker et al. 2001; Zhu et al.
2008; Ballard et al. 2014). The founding family member
(Spz) as well as two othermembers (Spz2 and Spz5;Droso-
phila neurotrophins 1 and 2, respectively) have been
shown to regulate cell death and axon targeting in the em-
bryonic CNS (Zhu et al. 2008; Sutcliffe et al. 2013); how-
ever, whether these genes regulate glial growth had not
been explored.We show a direct role for Spz3 in regulating
cortex glial growth and morphological maintenance and
implicate cortex glial Spz3 signaling in neuronal survival.
Whether the increased neuronal cell death arises from a
direct loss of Spz3 signaling from cortex glia to neurons
or the disruption of cortex glial neuronal ensheathment
caused by the loss of autonomous signaling is unclear.
In either case, cortex glial Spz3 signaling is essential for
neuron health.
Cortex glia do not associate with the synaptic neuropil
and therefore provide the opportunity to explore glial
functions selectively at neuronal cell bodies. We found
that early elimination of cortex glia causes early animal
lethality and that loss of cortex glial ensheathment of
neuronal cell bodies at later stages results in increased
neuronal cell death and behavioral impairment. The phys-
iological basis of this circuit dysfunction is difficult to
determine. Cortex glia are predicted to serve many roles
in the Drosophila CNS, a lack of any of which could ex-
plain these phenotypes. First, without cortex glia, neurons
might not receive the metabolic or ionic balance support
necessary for neuronal survival and function (Melom and
Littleton 2013; Volkenhoff et al. 2015). Second, globular
cortex glia likely do not clear neuronal cell corpses or oth-
er cellular debris, which is one of their normal functions
(Kurant et al. 2008), thereby resulting in accumulation
of excessive neuronal debris that could lead to circuit dys-
function. In mammals, insufficient microglial clearance
of cell corpses or synaptic elements during development
Coutinho-Budd et al.
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is associated with altered pruning (Kim et al. 2017), a
mechanism implicated in autism spectrum disorders.
The observed defects in animal behavior could also arise
from the directmodulation of neural activity and circuitry
by cortex glia. Cortex glial Ca2+ signaling events have
been proposed to regulate neural physiology (Melom and
Littleton 2013), and knockdown of αSNAP severely dis-
rupted cortex glial Ca2+ signaling.
Cortex glial invasive growth and morphological
elaboration are regulated by local Spz3 signaling
One particularly notable finding is that very local signal-
ing appears to regulate maintenance of cortex glial mor-
phology and association with neuronal cell bodies. The
rescue of cortex glial morphology often occurred in cortex
glia in close proximity to neurons ectopically expressing
Spz3 and not their immediate neighbors, arguing that
Spz3 can promote cortex glial membrane expansion over
only a short distance (i.e., less than one cell diameter).
Mammalian neurotrophins also signal over very short
distances. Evidence from astrocytes studies in vitro sug-
gests that vascular endothelial growth factor (VEGF) is re-
leased from astrocytes in a directional manner, with
subsequent accumulation in the extracellular matrix at
adhesion sites for spatially restricted signaling (Egervari
et al. 2015). This study further suggested that VEGF secre-
tion occurs close to its receptor, VEGFR2, for localized
signaling and that the receptor undergoes constant endo-
cytosis and recycling during signaling events. Further-
more, BDNF has been shown recently to signal in an
autocrine fashion from single dendritic spines back onto
themselves to regulate their own structural and function-
al plasticity (Harward et al. 2016; Hedrick et al. 2016). In-
terestingly, the BDNF receptor TrkB has been shown to
function in a Rab11-dependent mechanism (one of the
Rabs that we found to regulate cortex glial morphology),
where it is retained in dendrites to increase local BDNF
signaling and control dendritic arborization (Lazo et al.
2013). A similar mechanism could be involved in cortex
glial growth and maintenance, with local autocrine sig-
naling of Spz3 to maintain cortex glial morphology and
function.
Cortex glia are some of the most invasive cells in the
Drosophila CNS. They grow from compact cells to form
an elaborate network of extensive thin processes that cov-
er the entire CNS in <24 h (Fig. 1). The genetic accessibil-
ity of these cells in an in vivo systemmakes cortex glia an
excellentmodel to understand neuron–glia interactions at
the neuronal soma in both normal physiology and disease
models as well as for the study of glial invasive cell behav-
ior—a topic of extremely high interest in diseases such as
glioma. Additionally, the entire network of cortex glial
cells throughout the brain has been shown to react in a co-
ordinatedmanner in response to localized injury (Doherty
et al. 2014). This is reminiscent of the satellite glial pain
and injury response in peripheral sensory ganglia, making
cortex glia a candidate population in which to study net-




Drosophilamelanogasterwere raised at 29°C unless noted other-
wise. This temperature was chosen to increase Gal4/UAS-RNAi
expression rather than coexpressing UAS-dicer2; however, phe-
notypeswere the same at 25°C (Supplemental Fig. S4J,K). The fol-
lowing transgenes were generated for this study: CtxGlia-
SplitGal4,Wrapper932i-LexA,Wrapper932i-Gal80,Wrapper932i
>LexA>Gal4, UAS-Spz3GFP, UAS-Spz3iResGFP, QUAS-
Spz3GFP, LexAop2Spz3GFP, and LexAop2DraperRNAi (see the
Supplemental Material for cloning strategies). The following pre-
viouslymadeD.melanogaster transgenes were used in this study
(see the Supplemental Material for references and Bloomington/
VDRC stock numbers): GMR54H02-Gal4, nrv2-Gal4, NP2222-
Gal4, NP577-Gal4, repo-Gal4, GMR83E12-Gal4, alrm-Gal4,
GMR25H07-LexA, UAS-CD8::GFP, UAS-αSNAPRNAi, UAS-
NSF2RNAi, UAS-SyxRNAi, UAS-Spz3RNAi, Spz3P (Spz3EY06670),
DfBSC142 [DF(2L)BSC142], αSNAPG8, αSNAPM4, LexAop2-
mCD8::GFP, LexAop-rCD2::GFP, UAS-lacZ-NLS, nSyb-QF2,
QUAS-CD8-GFP, UAS-reaper, UAS-hidALA5, UAS-CD8-
mCherry, repoFLP6-2, UAS-CD8>GFP>RFP, UAS-GCaMP5a,
and alrm-LexA::GAD. A list of endogenously tagged Rab-YFP
lines, dominant-negative Rab lines, and all other RNAi lines
used in this study is in Supplemental Table 2.
Immunohistochemistry and imaging
Larval CNSs were dissected in PBS, fixed in ice-cold 100%meth-
anol for 5 min before washing with PTX (PBS + 0.1% Triton-X),
and subsequently stained overnight at 4°C with antibodies in
PTX. Adult heads were decapitated, fixed for 20 min in 4% form-
aldehyde/PTX, washed in PTX, and stained. Embryos were
dechorionated with 50% bleach for 3 min prior to fixation with
4% formaldehyde/PEMFA (100 mM PIPES at pH 6.9, 2 mM
EGTA, 1 mMMgSO4) for 25 min, vortexed, and washed in meth-
anol prior to staining. The following primary antibodies were
used: chicken anti-GFP (1:1000; Abcam), rabbit anti-dsRed
(1:500; Clontech), rat anti-mCherry (1:500; Molecular Probes),
rat anti-Elav (1:100; Developmental Studies Hybridoma Bank
[DSHB], 7E8A10), rabbit anti-Gat (1:3500) (Stork et al. 2014),
mouse anti-Repo (1:58; D12), rabbit anti-DCP-1 (1:200; Cell Sig-
naling), rabbit anti-β-Gal (1:3000; Promega), goat anti-HRP conju-
gated to Cy5 (1:500; Jackson ImmunoResearch Laboratories),
rabbit anti-SNAP (1:1000) (Babcock 2004), rabbit anti-Draper
(1:400; after preabsorption with yw embryos overnight) (Freeman
et al. 2003), mouse anti-Bruchpilot (1:20; DSHB, nc82), and
mouse anti-futsch (1:400; DSHB, 22C10). Primary antibodies
were detected with the appropriate goat or donkey secondary an-
tibodies conjugated to Dylight488 (chicken [103-005-155]), Cy3
(rabbit [711-165-152], mouse [715-165-151], and rat [712-175-
153]), or Cy5 (rabbit [711-175-152], mouse [715-175-151], and rat
[712-175-150]) from Jackson ImmunoResearch. Antibodies were
used to enhance endogenous fluorescent protein expression. Sam-
ples were mounted in VectaShield reagent (Vector Laboratories)
and imaged on an Innovative Imaging Innovations (3I) spinning-
disc confocal microscope equipped with a Yokogawa CSX-X1
scan head.
Live calcium imaging
Calcium imaging was performed in live L2 larvae. GMR54H02-
Gal4,UAS-myr-GCaMP5a/+ or αSNAPRNAi/+;GMR54H02-
Gal4,UAS-myr-GCaMP5a/+ larvaeweremounted in Halocarbon
Oil 27 between coverslips and glass slides to immobilize the
Spz3 maintains glia/neuron interactions
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animals, and cortex glial calcium activity was imaged through
the cuticles of intact larvae. Imaging was performed on an Inno-
vative Imaging Innovations (3I) spinning-disc confocal micro-
scope equipped with a Yokogawa CSX-X1 scan head.
Larval crawling behavior
Larval crawling velocity was performed and measured as de-
scribed previously (Stork et al. 2014), with the exception that flies
were raised at 29°C. The linear distance traveled wasmeasured as
the distance between the starting and ending points to determine
straight line persistent crawling behavior.
Transmission EM (TEM)
TEM was conducted on the CNSs of L3 larvae in conjunction
with the University of Massachusetts Medical School Electron
Microscopy Core Facility as described previously (Tasdemir-Yil-
maz and Freeman 2014).
Analysis and statistics
ImageJ was used for all quantifications. The number of neurons
wrapped within one cortex glial cell was measured from Z-series
containing entire cortex glial cells of abdominal segments A3–
A6. The number of neurons within each clone was counted and
divided by the number of repo+ nuclei in each clone. Themajority
of clones used for quantification was single cells; however, of the
three quantified clones containingmore than one cortex glial cell,
one contained two cells, one contained three cells, and one con-
sisted of four cells. Calcium signaling transients were calculated
by choosing 400-µm2 areas in a single Z-plane and counting the
number of calcium transients that occurred within that area dur-
ing 90 sec. Cortex glial rescue was assessed from single Z-plane
images taken with a 63× objective (134.4 µm × 102.4 µm) in the
region of the thoracic segments of L3 VNCs that contained the
cell bodies of theMMcortex glia. The area containing normal cor-
tex glial morphology was measured, and values were reported as
the percentage of the field of view containing morphologically
normal cortex glia; therefore, the area containing globular was
not counted in any image. Error bars in all graphs indicate ±
SEM. Statistical significance was calculated with Graphpad
Prism 6 software by statistical analysis with either a Student’s
t-test for comparison between pairs or anANOVAwith the appro-
priate post hoc test for comparing more than two sets of data. All
larval crawling was measured and quantified together and there-
fore analyzed in a common ANOVA with Tukey’s post hoc test;
however, the results are displayed in separate graphs for
presentation.
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